ABSTRACT Mild trypsin treatment of Spirodela oligorrhiza thylakoid membranes leaks to partial digestion of the rapidly metabolized, surface-exposed, 32,000-dalton protein. Under these conditions, photoreduction of ferricyanide becomes insensitive to diuron [3-(3,4-dichlorophenyl)-1,1-dimethylurea], an inhibitor of photosystem II electron transport. Preincubation of thylakoids with diuron leads to a conformational change in the 32,000-dalton protein, modifying its trypsin digestion and preventing expression of diuron insensitivity. Finally, light affects the susceptibility of the 32,000-dalton protein to digestion by trypsin. In other experiments, thylakoids specifically depleted in the 32,000-dalton protein were found to be deficient in electron transport at the reducing side of photosystem II but not at the oxidizing side or in photosystem I activities. Thus, the rapidly metabolized 32,000-dalton thylakoid protein in Spirodela chloroplasts fulfills the requirements of the hypothesized "proteinaceous shield" [Renger, G. (1976) BiochinL Biophys. Acta 440, 287-300] regulating electron flow through photosystem HI and mediating diuron sensitivity.
The use of mild trypsin digestion to probe the structure-function relationship of surface-exposed thylakoid membrane proteins led Renger (1) in 1976 to infer the existence of a "proteinaceous shield" covering the primary electron acceptor of photosystem II (PS II) and acting as a regulator of electron flow between PS II and photosystem I (PS I) in the chloroplast. In addition, the effect (2) of trypsin in preventing inhibition.of PS II electron transport caused by the herbicide diuron [DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea] led Renger to postulate a reversible binding of the herbicide to the proteinaceous shield (1) . Several authors have further investigated trypsin-induced, diuron-insensitive electron transport (3) (4) (5) (6) (7) as well as differential binding of herbicides to PS II.components (8) (9) (10) in an attempt' to focus on the identity of the PS II regulatory protein. In an intriguing communication (4) a thylakoid fraction enriched in PS II particles (identity of organism not supplied) displayed a markedly altered polypeptide pattern on polyacrylamide gels after treatment with trypsin. Prominent among. the several changes noted was the disappearance of a band with a~mobility on NaDodSO4 gels corresponding to 32,000 daltons (Dal). §
We have been studying a rapidly synthesized thylakoid protein in. Spirodela oligorrhiza that. has a molecular weight of 32,000 on NaDodSOJpolyacrylamide gels (12, 13) . This polypeptide is the main membrane component synthesized by the chloroplast protein-synthesizing system and is produced in quantities approaching those of the very abundant large subunit of ribulose-bisphosphate carboxylase. However, the 32-kDal protein does not accumulate, turning over at a rate 50 to 60 times more rapid than that of the large subunit. of carboxylase or the apoprotein of the chlorophyll a/b light-harvesting complex (LHCP) (14) . In Spirodela this rapidly metabolized thylakoid protein is translated by a discrete poly(A)-plastid messenger RNA of =500 kDal (15) into a 33.5-kDal precursor molecule, which is speedily processed into the mature 32-kDal form (13) . Differentiated thylakoids are a prerequisite for 33.5-kDal protein synthesis (16) . In addition, the whole process of 33.5/32-kDal synthesis, maturation, and degradation is under tight inductive control by light (17, 18) .
The -rapidly metabolized 32-kDal thylakoid protein of Spirodela has its counterpart in other higher plants and algae. We have recently compared partial proteolytic digestion patterns, of the photogene protein from maize (19) , peak D from peas (20) , and protein D-1 from Chlamydomonas (21) with the pattern of the 32-kDal protein in Spirodela and found them to be virtually identical (14) .
The function of the 32-kDal thylakoid protein has, so far, eluded discovery. It does not appear to be involved in thylakoid biogenesis, being poorly synthesized in expanding juvenile tissue but vigorously synthesized in mature plants (22, 23) . Although rapidly metabolized and light induced, this protein is not rate limiting for CO2 fixation. Apparently, the dark reactions occurring in the. stroma that limit the rate of photoassimilation of CO2 do so even at 20% the normal level of the 32-kDal membrane protein, a factor not sufficiently appreciated previously (22) . In the present report we present several lines of evidence correlating the rapidly metabolized 32-kDal polypeptide of Spirodela thylakoids with the regulatory PS II shield protein hypothesized by Renger (1) . This protein is also shown to be responsive to the herbicide diuron. 
MATERIALS AND METHODS

RESULTS
Photosynthetic membrane preparations isolated from higher plants are capable of reducing ferricyanide, an artificial PS II electron acceptor. Addition of diuron inhibits this reaction. The herbicide effect can be eliminated, however, by a preincubation of the thylakoid preparations with trypsin (cf. ref. 1) . The behavior of Spirodela thylakoid membranes in these reactions is shown in Fig. 1 . Thylakoid preparations isolated from lightgrown plants reduced ferricyanide to ferrocyanide at a rate of 600 ,ueq/mg of Chl per hr; addition of 2 ,uM diuron severely inhibited this reduction to a rate of 40 ueq/mg of Chl per hr.
Incubation of the thylakoid preparations with increasing concentrations of trypsin prior to the addition of diuron resulted in virtual cancellation of the inhibition at a concentration of 20 ,ug of enzyme per ml. Thus, Spirodela thylakoids behave in a classical Renger fashion (1) as regards trypsin-induced, diuroninsensitive electron transport. Fig. 1 also shows that preincubation of the Spirodela thylakoid membranes with diuron prevents, to a large extent, the effect of the proteolytic enzyme. We have repeatedly observed this protective effect of diuron at a concentration of trypsin (20 jg/ml) optimal for expression of diuron insensitivity. Thus, diuron inhibition and trypsin digestion appear to be acting in close concert, possibly through an effect on a common proteinaceous entity. Considering-these results, we thought it worth investigating whether trypsin digestion of the thylakoid membranes might be hampered or altered in some demonstrable fashion in the presence of diuron. Our approach was to screen newly synthesized (radiolabeled) thylakoid proteins rather than simply the most abundant ones. The radioactive tracer approach is a sensitive one, and in addition we were guided by studies showing a close relationship between light-induced electron flow and rapid synthesis and metabolism of certain thylakoid proteins in Spirodela (18) . Fig. 2 shows the NaDodSOgpolyacrylamide gel pattern of [3S]methionine-labeled proteins from thylakoid membranes of Spirodela treated with trypsin in the absence and presence of diuron. The major labeled polypeptide in the nondigested control (lane 1) is the chloroplast-translated 32-kDal protein (13, 17) . The band of 26 kDal is the apoprotein of the LHCP. At 50 ,ug of trypsin; per ml the 32-kDal protein in the thylakoids is attacked, yielding (Fig. 2, lanes 2, 3, and 4 ) a digestion product of 31.3 kDal, which, with increasing times of incubation, is further digested to fragments of 19.5 kDal and then 17 kDal. In addition to the products formed from digestion of the 32-kDal protein, trypsin treatment of the 26-kDal LHCP yields a band of 25.5 kDal. The origin of other, fainter, bands (e.g., that at 24.5 kDal, Fig. 3A) has not been explored.
When similar thylakoid samples were preincubated in the dark or in the light with 10 AM diuron for 10 min and then trypsin at 50 ,ug/ml was added as above, a specific change in the digestion pattern of the 32-kDal protein resulted. As seen in Fig. 2 (lanes 5, 6, and 7), in addition to the 31.3-kDal digestion product, a prominent polypeptide of 30.5 kDal appears. The, accumulation of this digestion product is at the expense of the 19.5-kDal and 17-kDal fragments, whose amounts are less in these lanes than in the samples not incubated with diuron. Similar experiments were carried out at two trypsin concentrations (1.25 and 20 ,ug/ml) chosen to represent the extremes in the rate of diuron-insensitive ferricyanide reduction obtained with enzyme-treated thylakoids (cf. Fig. 1) . These results are shown in Fig. 3A . Only at 20 ,ug of trypsin per ml was the 32-kDal protein digested to 31.3 kDal (lanes [8] [9] [10] [11] and, in the presence of diuron, protected from further digestion (lanes 12-15) . At 1.25 ug of trypsin per ml no proteolytic effect or effect of diuron on the 32-kDal polypeptide could be discerned (compare lanes 2-7 with the controls in lanes 1 and 16) . Thus, concentration dependence of the trypsin effect on diuron-insensitive ferricyanide reduction parallels that for digestion of the 32-kDal protein. The specificity of this effect is underlined by comparing the changes occurring in the same samples to LHCP at the two enzyme concentrations. At 1.25 ,ug of trypsin per ml the 26-kDal band is already partially converted to the 25.5-kDal product (compare lanes 2-4 with lane 1), the process reaching completion with 20 ,ug of trypsin per ml (lanes 8-10). Thus at enzyme concentrations that do not affect the ferricyanide reduction (cf. Fig. 1 ) but that do affect the ability of the thylakoids to stack (26, 27) , the digestion of 26-kDal protein commences. polypeptide band exhibited differential proteolysis upon addition of diuron (28) . Trypsin digestion of the 32-kDal protein in the thylakoid is enhanced in the light. This can be noted in Fig. 3B , particularly in the 17-kDal region of the polyacrylamide gel. For example, the 17-kDal band is already present at the shortest incubation time in the light (lane 1) while it is absent from the corresponding digestion pattern in the dark (lane 4).
The possible relationship between PS II electron transport and the 32-kDal membrane protein was further studied by comparing control and "32-kDal-depleted" thylakoids. In Spirodela, advantage can be taken of the rapid rate of 32-kDal-pro- tein turnover and the inhibitory effect of chloramphenicol on chloroplast protein synthesis to obtain thylakoids selectively reduced in 32-kDal protein to a level 20% of that in untreated plants (22) . The ability of the control and 32-kDal-depleted thylakoids to catalyze electron transport reactions via different sections of the electron transport chain is shown in Fig. 4 . The calculated initial rates for the photoreactions measured are summarized in Table 1 . Electron transport activity on the oxidizing side of PS II, from water to silicomolybdate, was the same in both types of thylakoids. Similarly, totally PS I-dependent electron transport reactions, from ascorbate plus 2,6-dichloroindophenol (Cl2indophenol) or diaminodurene to methyl viologen, were not hindered in the 32-kDal-depleted thylakoids. In contrast, electron transport reactions dependent on PS II, from water to ferricyanide and from water to methyl viologen (which includes the PS II to plastoquinone section), were markedly decreased in the 32 kDal-depleted thylakoids (Fig. 4 , Table 1 ). DISCUSSION The main theme of this work has been the macromolecular identity of the proteinaceous shield, postulated by Renger (1) to regulate PS II activity and responsible for the inhibitory effects of diuron-type herbicides in plants (6) . In Renger's model, trypsin is assumed to effectively digest the proteinaceous shield in isolated thylakoids. This leads to a functional inhibition of electron transport between the primary electron acceptor of PS II and the plastoquinone pool. At the same time digestion of the shield bares the primary acceptor of PS II to external redox agents. It is assumed that light-induced conformational changes occur in vivo in the proteinaceous shield, permitting allosteric regulation of electronic interaction between the primary electron acceptor of PS II and the plastoquinone pool. Renger (1) further hypothesized that the well-known inhibitory effect of diuron was a result of reversible binding of the herbicide to a site on or close to the shield, leading to allosteric inhibition of electron transfer from the primary acceptor to its connector molecule (plastoquinone B). ,ug/ml (cf. Fig. 3, lane 11) . However, once the protein is removed from the photosynthetic membranes by detergent, proteolysis of the 17-kDal segment becomes rapid, even at much lower enzyme concentrations (not shown). An additional 2.5-kDal piece of the molecule, contiguous with this anchor section, is partially protected from trypsin digestion (i.e., the 19.5-kDal fragment). The remaining 12.5-kDal piece, on the other hand, is more prone to proteolysis and, hence, is postulated to extend beyond the outer thylakoid surface into the stroma (see also ref. 19) . Within this "stromal domain" there lies, however, at least one trypsin site that is normally protected from digestion. This residue [most probably arginine, because in Spirodela the 32-kDal protein appears to be devoid of lysine (13) ], defining a 30.5-kDal fragment, becomes susceptible to proteolysis upon incubation of the thylakoids with the herbicide diuron. Indeed, in the presence of diuron, the 32-kDal protein apparently undergoes a conformational change such that as one site (where cleavage produces a 30.5-kDal fragment) is newly revealed, other sites (where cleavage yields 19.5-and 17-kDal fragments) become more resistant to enzymatic attack. Finally, less than 1 kDal from an end of the 32-kDal molecule, a trypsin site exists whose proteolysis (resulting in a 31.3-kDal fragment) opens the way for external redox agents to reach the primary electron acceptor for PS II such that flow of electrons through the system is possible even in the presence of diuron.
The present experiments were not designed to determine if the herbicide diuron exerts its conformational effect on the 32-kDal protein by binding directly to it or indirectly via another polypeptide in its vicinity. The secondary electron acceptor for PS II, plastoquinone B, has been suggested by some as the site for diuron binding (3, 8) . The relationship of triazine-type herbicides to the 32-kDal protein also seems ripe for investigation. Atrazine [2-chloro-4-(2-propylamino)-6-ethylamino-s-triazine] appears to produce an effect, albeit weaker, on the trypsin digestion pattern of rapidly labeled thylakoid proteins of Spirodela similar to that produced by diuron (unpublished data). Pfister et al. (8) have suggested that the sites of action of diuron and atrazine partially overlap. In studies to be reported elsewhere, we showed that the 32-kDal protein is vigorously synthesized in both atrazine-resistant and atrazine-susceptible biotypes of Solanum nigrum, Chenopodium album, and Brassica campestris. Thus, if both diuron and atrazine are indeed affecting the 32-kDal thylakoid protein, resistance in these cases could be related to a slight structural alteration or conformational change in the molecule.
